Abstract. Bortezomib (PS-341, or Velcade), reversible inhibitor of 20S proteasome approved for the treatment of multiple myeloma and mantle cell lymphoma, exhibited a cytotoxic effect toward other malignancies including leukaemia. In this study, we have documented that incubation of both HL-60 and K562 leukaemia cells with nanomolar concentrations of bortezomib is associated with the death of HL-60 cells observed within 24 hours of incubation with bortezomib and the death of K562 cells that were observed after 72 hours of incubation with bortezomib. The relative resistance of K562 cells to bortezomib correlated well with significantly higher expression of HSP27, HSP70, HSP90α, HSP90β and GRP75 in these cells. Incubation of both HL-60 and K562 cells with bortezomib induced a cleavage of HSP90β as well as expression of HSP70 and HSP90β but bortezomib did not affect levels of HSP27, HSP90α, GRP75 and GRP78. The death of both types of cells was accompanied with proteolytic activation of caspase 3 that was observed in HL-60 cells and proteolytic degradation of procaspase 3 in K562 cells. Our study has also pointed to essential role of caspase 8 in bortezomib-induced cleavage of HSP90β in both HL-60 and K562 cells. Finally, we have shown that bortezomib induced activation of caspase 9/caspase 3 axis in HL-60 cells, while the mechanism of death of K562 cells remains unknown.
Introduction
Bortezomib (PS-341, or Velcade) acts as a reversible inhibitor of 20S proteasome chymotrypsin-like activity that represents an execution part of ubiquitin proteasome system (Chen et al. 2011) . It exhibits also certain activity against cellular serine proteases e. g. cathepsin G, cathepsin A, chymase, dipeptidyl peptidase II, and HtrA2/Omi (Arastu-Kapur et al. 2011) . Bortezomib was approved for the clinical use as a front-line treatment for newly diagnosed multiple myeloma and for the treatment of relapsed/refractory multiple myeloma and mantle cell lymphoma (Chen et al. 2011) . In addition to myeloma and lymphoma, bortezomib has exhibited toxic effect toward other haematological malignancies and solid tumours. Bortezomib can induce cell death in many cancer cell lines, showing a high efficacy in pancreatic cancer cells (Shah et al. 2001) , non-small lung cancer cells (Ling et al. 2003) , prostate cancer cells (Ikezoe et al. 2004) , thyroid carcinoma cells (Mitsiades et al. 2006) , endometrial carcinoma cells (Dolcet et al. 2006) , hepatocellular carcinoma cells (Chen et al. 2008) , mesothelioma cells (Zhang et al. 2010) and leukaemia cells (Matondo et al. 2010) , including HL-60 and K562 cells (Colado et al. 2008; Liu et al. 2013) .
In addition to induction of cell death, inhibition of ubiquitin proteasome system is associated with the induction of expression of heat shock proteins (HSPs) (Mitsiades et al. 2002) as well as with other cellular stress responses e. g. endoplasmic reticulum (ER) stress signalling (Nawrocki et al. 2005) and unfolded protein response (UPR) (Obeng et al. 2006) . In turn, an increased expression of HSPs often observed in malignant cells (Romanucci et al. 2008; Ciocca et al. 2013 ) reduces efficacy of bortezomib that is attributed to anti-apoptotic functions of HSPs (Jego et al. 2013 ).
For example, inhibition of either HSP27 (Chauhan et al. 2003) or HSP90 (Roué et al. 2011 ) overcomes bortezomib resistance in lymphoma cells. In human Namalwa Burkitt lymphoma cells, the resistance to bortezomib acquired by prolonged treatment of cells with bortezomib is accompanied by de novo expression of HSP27 (Fuchs et al. 2008) . Recent study has also documented the potential of inhibitors of inducible HSP70 to enhance bortezomib-induced cell death in human bladder cancer cells (Qi et al. 2013) . Increased expression of HSPs at the level of mRNA has also been observed in leukaemia cell lines as well as in leukaemia cells derived from peripheral blood and bone marrow of patients diagnosed with de novo acute myeloblastic leukaemia (Sedlackova et al. 2011 ). In addition, increased expression of HSP70 documented in leukaemia cell lines and leukaemia cells derived from peripheral blood of patients diagnosed with chronic myeloblastic leukaemia was associated with expression of Bcr-Abl fusion kinase (Guo et al. 2005) .
Although significant progress has been made in defining mechanisms of bortezomib induced death of the malignant cell, mechanisms of bortezomib action are not still completely understood. The aim of the presented study was to determine the effect of bortezomib on the survival of two different leukaemic cell lines, bortezomib sensitive HL-60 cells and bortezomib resistant K562 cells characterised with expression of Bcr-Abl fusion kinase. With respect to HSPs, K562 cells exhibit significantly higher expression of HSPs genes (Sedlackova et al. 2011 ) and HSP70 (Guo et al. 2005 ) than HL-60 cells. Therefore, we have also focused our interest on the analysis of the levels of HSPs in untreated HL-60 and K562 cells as well as on the analysis of the impact of bortezomib on the levels of HSPs in the cells treated with bortezomib.
Materials and Methods
Sodium dodecylsulphate (SDS), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), CA-074 methyl ester (inhibitor of cathepsin B, C5857), Pepstatin A (inhibitor of cathepsin D, P5318), PD 150606 (calpain inhibitor, D5946), Q-VD-Oph (pancaspase inhibitor, SML0063) (all Sigma-Aldrich), granzyme B I inhibitor (Calbiochem, 368050), bortezomib (SC-217785), Caspase 3 Inhibitor III (SC-300325), Caspase 8 Inhibitor II (SC-3084), and Caspase 9 Inhibitor III (SC-300327) (all Santa Cruz Biotechnology). Mouse monoclonal antibodies against caspase 3 (SC-271028), HSP70 (SC-13132), HSP27 (SC-13132), GRP75 (SC-133137) and β-actin (SC-47778). Goat polyclonal antibody against GRP78 (SC-1051), HSP90α (SC-8262) and HSP90β (SC-1057). Mouse anti-goat (SC-2354) and goat anti-mouse (SC-2005) (all Santa Cruz Biotechnology) secondary antibodies conjugated with horse radish peroxidase.
Cell culture
HL-60 cells (ATCC) were maintained in IMDM medium supplemented with 20% fetal bovine serum, 1% penicillinstreptomycin (all PAA) at an optimal cell density of 0.5 × 10 6 cells/ml at 37°C and 5% CO 2 humidified atmosphere. K562 cells (ATCC) were maintained in IMDM medium supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin (all PAA) at an optimal cell density of 0.2 × 10 6 cells/ml at 37°C and 5% CO 2 humidified atmosphere. The media were changed every 3 days.
Cell viability and growth assay
Cells were seeded in 96-well plates (0.5 × 10 5 HL-60 cells per well, 0.2 × 10 5 K562 cells per well) and incubated at 37°C and 5% CO 2 humidified atmosphere for 24, 48 and 72 hours with various concentrations of bortezomib solubilised in particular growth media. Solutions of bortezomib were prepared immediately before the use. At the end of incubation, MTT (0.05 mg per well) was added to each well and cells were further incubated for 4 hours. Formazan resulted from oxidation of added MTT by vital cells was solubilised by addition of SDS (final concentration 5%) to each well and the optical density of formazan at 540 nm was determined spectrophotometrically using microplate reader Bio-Rad 2010. The relative viability of the cells was determined as ratio of optical density of formazan produced by treated cells to optical density of formazan produced by non-treated control cells and expressed as percent of control. The cell growth was determined as time course of optical density (O. D.) of formazan produced by particular cell population.
Preparation of protein extracts and Western blotting
HL-60 cells were incubated for 4, 16 and 24 hours in the presence of various concentrations of bortezomib (0-50 nmol/l). K562 cells were incubated for 24 and 48 hours in the presence of various concentrations of bortezomib (0-100 nmol/l). To study the effects of protease inhibitors, the cells were suspended at a final concentrations 0.5 × 10 6 HL-60 cells per ml and 0.2 × 10 6 K562 cells per ml in a growth media containing inhibitors of calpain (100 μmol/l), cathepsin B (12.5 μmol/l), granzyme B (25 μmol/l), caspase 3 (10 μmol/l), caspase 8 (25 μmol/l), caspase 9 (10 μmol/l) and pancaspase inhibitor (20 μmol/l) at final concentrations indicated in parentheses. After immediate addition of bortezomib, the HL-60 cells were incubated for 24 hours and K562 cells for 48 hours. At the end of incubations, the cells were harvested and washed three times with ice cold phosphate buffered saline solution. Cellular proteins were isolated from control and treated cells by extraction with TriReagent (Invitrogen) according to manufacturer's instructions. Protein concentrations were determined by protein Dc assay kit (Bio-Rad) using BSA as standard. Isolated proteins (30 µg of protein loaded per lane) were separated on 12% SDS-polyacrylamide gels (PAGE), transferred to nitrocellulose membrane via semidry transfer and probed with antibodies specific to HSP90α, HSP90β, HSP70, HSP27, GRP75, GRP78, caspase 3 and β-actin. After incubation of membranes with particular secondary antibodies, immunopositive bands were visualized using the chemiluminiscent substrate SuperSignal West Pico (Thermo Scientific) and Chemidoc XRS system (Bio-Rad). Specific bands were documented and the intensities of bands were quantified by Quantity One software (Bio-Rad). The intensities of bands of interest were normalized by corresponding intensities of β-actin bands.
Statistical analysis
All statistical analyses were done using GraphPad InStat V2.04a (GraphPad Software). For the comparison of differences in protein expression between either cell types or bortezomib-induced changes among all groups at one time interval, a one-way ANOVA test was first carried out to test for differences among all experimental groups. Additionally, the unpaired Tukey's test was used to determine differences between individual groups. Significance level was set at p < 0.05.
Results
The incubation of HL-60 and K562 cells with bortezomib for 24, 48 and 72 hours has revealed time-and concentrationdependent impact of bortezomib on relative viability of both HL-60 ( Fig. 1A ) and K562 cells (Fig. 1B) . Bortezomib, at concentrations 10 nmol/l and higher, decreased relative viability of HL-60 cells already after 24 hours of incubation (Fig. 1A) . The estimated lethal concentrations of bortezomib leading effectively to decrease of HL-60 cell population to 50% of control (LC 50 ) were 39.3 ± 4.5, 16.3 ± 0.8 and 13.4 ± 0.9 nmol/l after 24, 48 and 72 hours, respectively. The impact of bortezomib on the viability of K562 cells was slow and potent decrease of relative cell viability was observed after 72 hours of incubation (Fig. 1B) at concentrations of bortezomib 10 nmol/l and higher. The LC 50 value for bortezomib was estimated to be 20.3 ± 1.9 nmol/l after 72 hours.
In order to distinguish whether decreased cell viability was a result of the inhibition of cell proliferation or cell death, we have performed analysis of growth curves after the incubation of both HL-60 and K562 cells with different concentrations of bortezomib. As we have shown in our previous study (Štefaniková et al. 2013) , the shape of the growth curve correlates well with a status of treated cells determined by the flow cytometry analysis. Bortezomib at a concentration 10 nmol/l inhibited proliferation of HL-60 cells that was manifested by unaltered values of optical density observed after 24, 48 and 72 hours (Fig. 1C) . Bortezomib at concentrations 20 nmol/l and higher induced death of HL-60 cells that was manifested by a continuous decrease of optical density values observed after 24, 48 and 72 hours (Fig. 1C) . Bortezomib at concentrations 10 and 20 nmol/l inhibited proliferation of K562 cells that was manifested by a decreased slope of growth curves (Fig. 1D) . Decreased values of optical density indicate death of K562 cells after 72 hours of incubation of cells at concentrations of bortezomib 50 nmol and higher (Fig. 1D) .
In order to explain differences in sensitivity of HL-60 and K562 cells to bortezomib we have performed Western blot analysis of the levels of HSPs that might be responsible for resistance of malignant cells to bortezomib (Jego et al. 2013) and are often over-expressed in cancer cells (Romanucci et al. 2008; Ciocca et al. 2013 ). In addition to cytoplasmic HSP27, HSP70 and HSP90, we have also analyzed expression of ER specific GRP78 and mitochondrial GRP75 that might be also deregulated in cancer (Lee 2014) . We have found significantly higher protein level of HSP27 (p < 0.001), HSP70 (p < 0.001), HSP90α (p < 0.001), HSP90β (p < 0.001) and GRP75 (p < 0.05) in K562 cells compared with HL-60 cells (Fig. 2) while difference in GRP78 protein levels between analysed cell lines was not significant. The highest differences were observed in the levels of HSP27 (30.9-fold higher expression in K562 cells) and HSP70 (14.5-fold higher expression in K562 cells).
Since proteasome stress is associated with changes of the expression of stress proteins, we have also investigated the impact of bortezomib on expression of HSP27, HSP70, HSP90, GRP75 and GRP78. We did not detect changes of the inducible HSP90α in neither K562 (Fig. 3B ) nor HL-60 (not shown) treated with bortezomib. However, incubation of both HL-60 and K562 cells with bortezomib led to the cleavage of HSP90β that produced fragment of molecular mass of approximately 50 kDa (Fig. 3) . In both HL-60 and K562 cells, bortezomib increased expression of HSP70 but did not have significant impact on the levels of HSP27, GRP78 and GRP75 (Fig. 3) . In addition to cleavage, bortezomib induced expression of HSP90β. Although the levels of full length protein were not significantly changed, the levels of cleaved fragment of HSP90β increased significantly in both HL-60 (Fig. 4A,C) and K562 (Fig. 4B,D) . Significantly increased levels of cleaved form of HSP90β were observed in HL-60 cells after 16 hours (Fig. 4A) , at bortezomib concentrations 20 and 50 nmol/l, and after 24 hours (Fig. 4C) at bortezomib concentrations 10, 20 Figure 2 . Analysis of HSP and GRP protein levels in HL-60 and K562. After incubation of HL-60 and K562 cells in standard growth media, cellular proteins were isolated, separated by PAGE and analysed by Western blotting as described in Material and Methods. Quantification of the HSP and GRP protein levels in HL-60 and K562 cells was performed after exposition of membranes on Chemidoc XRS (Bio-Rad). The intensities of corresponding bands were determined using Quantity One software (Bio-Rad). The data were normalised to β-actin level and expressed as intensity of band of particular protein relative to intensity of band of β-actin in particular cell type. Data are presented as means ± S.D. (n = 6 per each cell line). * p < 0.05, *** p < 0.001 (ANOVA, followed by Tukey's test to determine differences between levels of particular proteins in both types of cells). and 50 nmol/l. In K562 cells, significantly increased levels of cleaved form of HSP90β were observed after 48 hours at 100 nmol/l of bortezomib (Fig. 4D) . Expression of HSP70 in HL-60 was significantly increased after 16 hours to 424.8% (p < 0.05) and 452.7% (p < 0.05) of control at concentrations of bortezomib 20 and 50 nmol/l, respectively (Fig. 4E) . After 24 hours, the expression of HSP70 was significantly increased to 485 (p < 0.01), 494.1 (p < 0.01) and 474.5% (p < 0.01) of control at concentrations of bortezomib 10, 20 and 50 nmol/l, respectively (Fig. 4E) . Expression of HSP70 in K562 was significantly increased after 24 hours to 262.9% (p < 0.01) of control at concentration of bortezomib 100 nmol/l and after 48 hours to 232.5 (p < 0.05) and 225.5% (p < 0.05) of control at concentrations of bortezomib 50 and 100 nmol/l, respectively (Fig. 4F) .
We have also studied the effect of bortezomib on proteolytic processing of procaspase 3. Incubation of HL-60 cells with bortezomib was associated with proteolytic activation of caspase 3 that was documented by decreased levels of procaspase 3 and increased levels of p17 fragment of active caspase 3 (Fig. 5A ). On the other hand, the incubation of K652 cells with bortezomib was associated with decreased levels of procaspase 3 but we did not observe changes at the levels of p17 fragment of active caspase 3 (Fig. 5B) .
In order to unveil protease that is responsible for cleavage of HSP90β as well as proteolytic processing of procaspase 3 we have focused our interest on cellular proteases with the known effect on either HSP90 or procaspase 3. We have incubated HL-60 and K562 cells with bortezomib in combination with inhibitors of calpain, granzyme B, cathepsin B as well as caspases 3, 8, and 9. In addition, the effect of pancaspase inhibitor on bortezomib-induced changes in HL-60 cells was investigated. As shown on Fig. 6 , bortezomib-induced cleavage of HSP90β in both HL-60 and K562 cells was prevented by inhibitor of caspase 8. Inhibitors of other proteases used in this study did not protect HSP90β from the bortezomib-induced cleavage. In K562 cells, granzyme B inhibitor alone was able to induce cleavage of HSP90β in the same way as bortezomib (Fig. 6B) . In addition, inhibition of cathepsin B was associated with a massive and fast death of K562 cells (results not shown) that did not allow to perform a Western blot analysis. In HL-60 cells, bortezomib-induced proteolytic activation of caspase 3 (Fig. 6A ) was prevented by caspase 9 inhibitor only. Interestingly, inhibitor of caspase 8 was not able to prevent bortezomib-induced proteolytic processing of procaspase 3 (Fig. 6A ) that was documented by increased levels of both p20 and p17 fragments of active caspase 3 (Fig. 6A) . Finally, the incubation of HL-60 cells with cathepsin B and pancaspase inhibitor led to the bortezomib-induced proteolytic degradation of procaspase 3 as documented with the decreased levels of both procaspase 3 and p17 bands (Fig. 6A) . In K562 cells, bortezomib-induced proteolytic degradation of caspase 3 (Fig. 6B ) was prevented by inhibitors of caspase 9 and calpain.
Discussion
In this study, we have documented that incubation of both HL-60 and K562 cells with bortezomib was associated with cell death, however, with different kinetics of cellular response and sensitivity of the cells to bortezomib. In addition to cell death, the bortezomib induced expression of HSP70 and HSP90β as well as cleavage of HSP90β in both HL-60 and K562 cells. We have also documented proteolytic activation of procaspase 3 in HL-60 cells and proteolytic degradation of procaspase 3 in K562 cells. Finally, our study has pointed to the essential role of caspase 8 in bortezomib-induced cleavage of HSP90β in both HL-60 and K562 cells.
Bortezomib induced death of HL-60 cells within 24 hours at concentrations in the low nanomolar range, within pharmacologically achievable doses. This is in agreement with previously published results documenting relative high sensitivity of HL-60 cells to bortezomib (Colado et al. 2008) . Death of K562 cells was documented after 72 hours of incubation of the cells at higher bortezomib concentrations. Previous study declared K562 cells as fully resistant to bortezomib; however, the cell viability was assessed after 12 hours of incubation of cells with bortezomib (Liu et al. 2013) . Differential cellular responses of investigated cells to bortezomib correlate well with higher expression of HSP27, HSP70, HSP90 and GRP75 in K562 cells. The high expression (0-100 nmol/l). After incubation, cellular proteins were isolated, separated by PAGE and analysed by Western blotting as described in Material and Methods. The intensities of visualised bands corresponding to HSP70 were determined using Quantity One software (Bio-Rad). The data were normalised to intensity of corresponding β-actin band and expressed as relative to control (with respect to HSP90β full length control values were used). Data are presented as means ± S.D. (n = 4 per each experimental group). * p < 0.05, ** p < 0.01, *** p < 0.001 (ANOVA, followed by Tukey's test to determine differences between levels of HSP90β and HSP70 in treated and control cells).
of HSP70 in K562 cells might be attributed to the expression of Bcr-Abl fusion kinase in K562 cells as was shown previously (Guo et al. 2005) . Over-expression of HSPs (Romanucci et al. 2008; Ciocca et al. 2013 ) and glucose regulated proteins (GRP) (Lee 2014 ) often seen in cancer cells might be responsible for resistance of malignant cells to cytotoxic agents including bortezomib as well as for poor treatment response and prognosis (Jego et al. 2013 ). In addition to HSPs levels, sensitivity of malignant cells to bortezomib was attributed to the activity of Akt kinase (Chen et al. 2008) , proteasome status (Matondo et al. 2010 ) and the expression of protein phosphatase 2A inhibitor (Liu et al. 2013) .
The incubation of both HL-60 and K562 cells with bortezomib was associated with the increased expression of both HSP70 and HSP90β as well as with cleavage of HSP90β. Induction of HSP70 represents typical molecular sequelae of proteasome inhibition (Mitsiades et al. 2002) . Ectopic expression of HSP70 in HL-60 cells inhibited AraC and etoposide-induced mitochondrial apoptosis (Guo et al. 2005) . We assume that bortezomib-induced expression of HSP70 in HL-60 cells did not affect the sensitivity of these cells to bortezomib. The activation of caspase 3 was observed as early as 4 hours after the addition of bortezomib whereas the increased HSP70 levels were observed after 16 hours of incubation. Thus initiation of apoptosis precedes induction of HSP70 expression. Bortezomib-dependent induction of HSP90 expression has already been documented in myeloma (U266), mantle cell lymphoma (NCEB1), and breast cancer (MCF-7) cell lines (Spisek et al. 2007 ). To the best of our knowledge, the bortezomib-induced cleavage of HSP90β has not been previously reported. Caspase 10-mediated cleavage of HSP90β producing 50 kDa fragment has already been documented after UVB irradiation of different cells (Chen et al. 2009 ). Caspase 10 activation was depended on caspase 8, which cleaved procaspase 10 directly (Chen et al. 2009 ). In addition, calpain-specific cleavage of HSP90 producing 50 kDa fragment that was prevented by somatostatin was observed in macrophages (Bellocq et al. 1999) . Our results are not in favour of the involvement of calpain in the process of bortezomib-in- duced cleavage of HSP90β in both HL-60 and K562 cells. Instead of this, we have shown that the bortezomib induced cleavage of HSP90β through the action of caspase 8. This is in agreement with previous studies that have documented activation of caspase 8 after the incubation of different cancer cells with proteasome inhibitors (Colado et al. 2008; Laussmann et al. 2011; Fiandalo et al. 2013 ) including HL-60 cells (Choi et al. 2008) . Since it has been documented that HSP90β is a substrate of caspase 10 but not caspase 8 (Chen et al. 2009 ), we assume that caspase 8 is the initiator of this process while caspase 10 is responsible for direct cleavage of HSP90β. On the other hand, previous studies (Beck et al. 2009 (Beck et al. , 2012 have documented the cleavage of HSP90 mediated by oxidative stress that is often implicated among mechanisms of cytotoxic action of bortezomib (Yu et al. 2004 ). This cleavage produced fragment of 72 kDa and was associated with the degradation of HSP90 client proteins that was considered as the main event leading to cell death. Production of 50 kDa fragments and prevention of the HSP90β cleavage by the inhibitor of caspase 8 and pancaspase inhibitor exclude the possibility that bortezomib-induced degradation of HSP90β is mediated by oxidative stress.
In agreement with previously published results (Choi et al. 2008) , we have also shown that the bortezomib induced proteolytic activation of procaspase 3 in HL-60 cells manifested by the increase of p17 fragment of active caspase 3. In K562 cells, the bortezomib-induced decrease of procaspase 3 was not associated with the production of p17 fragment of caspase 3. Caspase 3 represents the main execution caspase of apoptosis. Its proteolytic activation via either caspase 8, in the case of extrinsic (receptor) apoptosis pathway, or caspase 9, in the case of intrinsic (mitochondrial) pathway (Jurečeková et al. 2011) , leads to the degradation of a number of essential cellular proteins that culminates in the cell death (Taylor et al. 2008) . Our results have documented that incubation of HL-60 cells with bortezomib is associated with the activation of caspase 3 mediated by caspase 9 since the inhibition of caspase 9 prevented bortezomib-induced activation of caspase 3. These results are in agreement with the earlier suggestion that mitochondrial apoptosis is the main pathway associated with bortezomib-induced cell death (Chauhan et al. 2004; Fennell et al. 2008) . We have also observed that despite the inhibitory effect of caspase 8 inhibitor on the bortezomib-induced cleavage of HSP90β the same inhibitor did not exhibit inhibitory effect on caspase 3 activation. It seems that activation of caspase 3 via caspase 9 precedes the cleavage of HSP90β via caspase 8. In fact, changes at the level of active caspase 3 were observed already after 4 hours of incubation of HL-60 cells with bortezomib ( Fig.  5A ) while cleavage of HSP90β was detected after 16 hours (Fig. 3A) . Interestingly, pancaspase inhibitor Q-VD-Oph used in this study (that simultaneously inhibits caspases 1, 3, 8, 9) did not prevent the bortezomib-induced proteolytic processing of procaspase 3. This result might indicate that proteolytic processing of procaspase 3 is not only dependent on caspase 9 but is also associated with another cellular protease that became to be active after simultaneous inhibition of caspases 8 and 9. In addition to caspase 9, caspase 3 can be activated by granzyme B (Zapata et al. 1998) . However, the inhibitor of granzyme B did not prevent the bortezomibinduced activation of caspase 3. We can also exclude the activation of caspase 3 by the action of calpain. However, our results indicate unclear involvement of cathepsin B that might be released from lysosomes after the incubation of cells with bortezomib (Yeung et al. 2006) in proteolytic processing of procaspase 3. In HL-60 cells, the inhibition of cathepsin B promoted bortezomib-induced disappearance of procaspase 3 signal without increase of p17 signal of active caspase 3. Interestingly, cathepsin B inhibitor induced fast and massive death of K562 cells.
There is an important question whether degradation of HSP90β might be involved among mechanisms of the bortezomib-induced cell death. HSP90 is a chaperone necessary for the folding, stability and activity of numerous cellular proteins that are essential for the growth and survival of eukaryotic cells (Barrott and Haystead 2013) . Blocking or deletion of HSP90 is associated with death of different cancer cells (Barrott and Haystead 2013) . Our results do not support a role of proteolytic processing of HSP90β in the bortezomib-induced death of HL-60 and K562 cells. The pancaspase inhibitor prevented the bortezomib-induced cleavage of HSP90β but did not protect HL-60 cells from bortezomib-induced cell death. The inability of the pancaspase inhibitor to protect HL-60 from bortezomib-induced cell death does not exclude mitochondrial apoptosis as mechanism of the bortezomib-induced death of HL-60 cells. It has been shown previously that bortezomib was capable of killing lymphoma cells through activation of either mitochondrial apoptosis or caspase-independent mechanisms when caspases were pharmacologically inhibited (Olejniczak et al. 2010 ).
In conclusion, our experiments have documented that the incubation of HL-60 and K562 cells with bortezomib led to cell death that is associated with the cleavage of HSP90β as well as with proteolytic activation of caspase 3 in HL-60 cells and the proteolytic degradation of procaspase 3 in K562 cells. The difference in cell death kinetics might be attributed to significantly higher expression of HSP90, HSP70, HSP27 and GRP75 documented in K562. Our study has also pointed to the essential role of caspase 8 in the bortezomibinduced cleavage of HSP90β in both HL-60 and K562 cells. Finally, we have shown that bortezomib induced activation of caspase 9/caspase 3 axis in HL-60 cells, while mechanism of death of K562 cells remains unknown.
